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Abstract 
We compare polarization properties of the cyclotron and relativistic dipole radiation of electrons moving in the magnetic field on 
a helix with ultra-relativistic longitudinal and non-relativistic transverse velocity components. The applicability of these models 
in the case of accretion onto a neutron star is discussed. The test, based on polarization observations is suggested, to distinguish 
between the cyclotron and relativistic dipole origin of features, observed in X-ray spectra of some X-ray sources, among which 
the Her X-1 is the most famous. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility ofthe National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). 
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1. Introduction 
X-ray pulsar Hercules X-1 discovered in 1971 by the Uhuru satellite is one of the best studied X-ray source. Her 
X-1 is the first source in which X-ray spectrum the line feature in the 39-58 keV energy range was observed, which 
could not be identified with any chemical element, and was suggested to be a cyclotron line [13]. This feature was 
observed later [8] [14-16]. When this feature is interpreted as a cyclotron line, the magnetic field strength may be 
calculated from the non-relativistic formula 
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where Ȧ is the cycle frequency of the photons, identified with the frequency of the observed X-ray feature, me is the 
mass of the electron, c is the light speed. In this case the magnetic field strength should be of the order of (3-
5)×1012Gs. But as large as this value comes into conflict with some theoretical reasonings among which the most 
important are consideration of the interrelation between radio and X-ray pulsars [4], and simulation of the pulse 
variability during the 35-days cycle in observations from the satellites ASTRON [12], Ginga and RXTE [6,10]. 
Obscuration of X-ray beams during the 35 day cycle is often used to explain the periodic X-ray high-low state 
transitions of Her X-1 during the accretion disk precession. If the obscuring material is the inner edge of the 
accretion disk, then the inner disk must be tilted out of the binary plane and be precessing to produce periodically 
varying obscuration. In such a situation, occultation of the neutron star would occur twice in each precession cycle, 
leading to the decline in flux, and termination of the main and short high states. This scheme was also extended [12] 
to explain pulse profile evolution with a reflection of the light on the off state by the inner edge of the accretion disk. 
The value of the dipole magnetic field of the neutron star, determining the radius of the inner edge, coinciding with 
the radius of the Alfven surface, was estimated in this model as 1010u1011 Gs. 
To solve the problem of discrepancy between this estimation and the value following from the cyclotron 
interpretation (1), it was suggested in [1], that the observed feature could be explained by the relativistic dipole 
radiation of electrons having strongly anisotropic distribution function, with ultra-relativistic motion along the 
magnetic field lines, and non-relativistic motion across it. Such distribution function is formed when the accretion 
flow into the magnetic pole of the neutron star is stopped in a non-collisional shock wave [3], and a rapid loss of 
transversal energy in the strong magnetic field leads to strongly anisotropic momentum distribution [2]. 
In this work we consider the problem of the observational choice between the above mentioned models by 
measuring the polarization of the radiation in this X-ray feature. The relativistic dipole and cyclotron radiation have 
different polarization properties, so such measurements could solve this long-standing problem. Such experiments 
could be performed on the Japanese satellite Astro-H which launch is planned for 2015 [17]. 
 
2. Polarization of the cyclotron radiation 
The cyclotron radiation is produced during a motion of non-relativistic electrons across a magnetic field 
direction. It is radiated in the form of the line with the energy ʄȦB, with the cyclotron frequency 
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The electron is moving along the Larmor circle with the radius 
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where the total electron velocity ȣ٣0 is supposed to be situated in the plane perpendicular to the direction of the 
magnetic field. The electron is radiating also on the harmonic frequency ȦnB=nȦB. At ȣ٣اc the strength of the 
harmonic lines is rapidly decreasing with the number n. If also |ȣ|اc, the change of cyclotron frequency due to 
Doppler shifting may be neglected, and only the gravitational redshift in the gravitational field of the neutron star 
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3. Polarization of the Relativistic Dipole Radiation 
Let’s consider an electron in the magnetic field, with the following values of the velocity components in the 
laboratory frame 
 
               
(8) 
 
The trajectory of the electron is helical, with the helix step significantly larger than it’s radius (see Fig. 2). The 
radiation provided by such system is called [18] Relativistic Dipole (RDR). The properties of RDR have been 
considered in detail in [7].The calculations of the angular distributions of the power and both types of polarization in 
RDR in the laboratory frame, where the electron is moving along the magnetic field to the observer with the velocity 
ȣ||, may be calculated by making Lorentz transformation in (4), (6), (7). The angle T0 and the velocity ȣ٣0 in the 
Larmor circle frame are connected with the  angle T and the velocity ȣ٣in the laboratory frame as 
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Fig. 2: The RDR case trajectory: electron moves on helix along the magnetic field; h is the helix step. 
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Expressions for the linear and circular polarization degrees in the laboratory frame are obtained from (6), (7), with 
account of (9), as 
 
 
       (10) 
 
 
 
 
It follows from (4) that RDR radiation is emitted in a small angle (Tد1/Ȗ||), along the magnetic field direction. It is 
convenient therefore [5], to introduce a variable 
||\ J -                   (11) 
Then for small T, and large Ȗ|| we have the following expansions 
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which with account of (11) lead to expressions 
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    Angular dependencies of the polarization degrees in the laboratory frame from (10), with account of (11) are 
written as [7]: 
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The relative graphics of angular dependencies for different values of Ȗ|| are presented on Figs 3 and 4. 
The differential power of the radiation in the unity of the solid angle ȍ, with dȍ=sinTdTdĳ, time t, and frequency Ȧ 
is obtained from (4), with account of (9), and relations 
 
 
 
 
2
|| ||
|| ||
0 02 2
|| ||
|| ||
cos cos
1 2
1 cos 1 cos
,
cos cos
1 1
1 cos 1 cos
l c
- E - E
E - E -
U U
- E - E
E - E -
§ · 
 ¨ ¸¨ ¸ © ¹  
§ · § · 
 ¨ ¸ ¨ ¸¨ ¸ ¨ ¸ © ¹ © ¹
4
4
1
1c
\U
\
 

 Ya.S. Lyakhova and G.S. Bisnovatyi-Kogan /  Physics Procedia  74 ( 2015 )  266 – 273 271
 
0d:
 
We h
 
a)  
 
2d W
d d:
cos
cos
dd
d
- :
ave than from (
Fig. 3: (a)
2 2 2
0
2
||8
Be
c
Z X
Z S J
A 

0
1
d
-
 :

4), using (9), th
 Angular distrib
||
cos
1
1 c
-
E
§ §¨  ¨¨
¨ ©©

2
||
2
||
1
cos
E
E -

 
e expression fo
ution of the RD


2
|| 1
os 1
E
-
·· ¸¸¸
¸ ¹ ¹
 
r the differentia
b) 
  
R; (b) polariza
 
 
 
 
 


3/22
||
2
|| cos
E
G
E -
§
¨
©¨
 
l power in the l
tion degrees. L
|| 1
ZZ
J E


 
aboratory fram
orentz-paramet
|| cos
B
s st-
·
¸
¸ ¹
       
e as (see [7]) 
 
er Ȗ||=1.1. 
erg
erad Hz
 (16) 
 (17) 
 
 
272   Ya.S. Lyakhova and G.S. Bisnovatyi-Kogan /  Physics Procedia  74 ( 2015 )  266 – 273 
a)  
 
4. Sum
The
differe
radiati
radiati
differe
 
Ackno
The
00728
261.20
Dynas
Grant 
 
Refer
[1]Bau
As
[2]Bis
[3]Bis
19
Fig. 4: (a) 
mary and dis
 analysis show
nt angle depen
on coincides w
on almost abse
nce in polarime
wledgments 
 work of YaSL
, the Russian 
14.2 and the R
ty Foundation. 
No. OFI-M 14-
ences 
shev A.N., Bis
tronomical Rep
novatyi-Kogan 
novatyi-Kogan 
69;46:721. 
Angular distrib
cussion 
s that two rad
dencies of pola
ith the direction
nts whereas for
tric investigati
 and GSBK wa
Federation Pre
ussian Science
The work of G
29-06045. 
novatyi-Kogan
orts. 1999;43:2
G.S. Beam patt
G.S., Fridman
ution of the RD
iative regimes
rization degree
 to the neutron
 the Relativistic
ons of X-ray so
s partly suppor
sident Grant 
 Support Foun
SBK was also p
 G.S. Cyclotro
41-245. 
ern of an x-ray
 A.M. A Me
b)  
R; (b) polariza
 
, Cyclotron an
s (Figs. 2b and
 star pole. In th
 Dipole radiati
urces with such
ted by the Russ
for Support of
dation. The wo
artially support
n radiation by 
 pulsar. AZh. 19
chanism for E
tion degrees. Lo
d Relativistic D
 3b). It’s natura
is case linear po
ve regime it’s s
 satellites as A
ian Basic Rese
 Leading Scie
rk of YaSL w
ed by the Russ
anisotropic rela
73;50:902. 
mission of X
 
rentz-paramete
ipole ones, ar
l to assume th
larization degr
ignificant. It’s 
stro-H, X-Calib
arch Foundatio
ntific Schools
as also partiall
ian Foundation 
tivistic electron
 Rays by a N
r Ȗ||=10. 
e characterized
at the maximum
ee of the Cyclo
possible to use 
ur, etc. [17]. 
n Grant No. 14
, Grant No. N
y supported by
for Basic Resea
s in x-ray puls
eutron Star. A
 by 
 of 
tron 
this 
-02-
Sh-
 the 
rch 
ars. 
Zh. 
 Ya.S. Lyakhova and G.S. Bisnovatyi-Kogan /  Physics Procedia  74 ( 2015 )  266 – 273 273
[4]Bisnovatyi-Kogan G.S., Komberg B.V. Pulsars and close binary systems. AZh. 1974;51:373. 
[5]Bordovitsyn V.A. Synchrotron radiation theory and its development. Singapour: World Scientific. 1999. 
[6]Deeter J.E., Scott D.M., Boynton P.E. et al. The 35 Day Evolution of the Hercules X-1 Pulse Profile: GINGA 
Observations and Their Implications.  ApJ. 1998;502:802-823. 
[7]Epstein R. Synchrotron Sources. Extension of Theory for Small Pitch Angles. ApJ. 1973;183:593-610. 
[8]Gruber D.E., Matteson J.L., Nolan P.L. et al. Hercules X-1 hard X-ray pulsations observed from HEAO 1. ApJ 
(Letters). 1980; 240:L127-L131. 
[9]Landau L. D., Lifshitz E. M. The classical theory of fields. Oxford: Pergamon Pres. 1975. 
[10]Scott D. M., Leahy D. A., Wilson R. B. The 35 Day Evolution of the Hercules X-1 Pulse Profile: Evidence for a 
Resolved Inner Disk Occultation of the Neutron Star. ApJ. 2000;539:392-412. 
[11]Trubnikov V.A. On the Angular Distribution of Cyclotron Radiation from a Hot Plasma. Phys. Fluids. 
1961;4:195-198. 
[12]Sheffer E.K., Kopaeva I.F., Averintsev M.B. et al. X-ray studies of the pulsar Hercules X-1 from the Astron 
space station. AZh. 1992;69:82-105. 
[13]Trümper J., Pietsch W., Reppin C. et al. Evidence for strong cyclotron line emission in the hard X-ray spectrum 
of Hercules X-1. ApJ. 1978;219:L105-L110. 
[14]Tueller J., Cline T.L., Teegarden B.J. et al. Evidence for variability of the hard X-ray feature in the Hercules X-
1 energy spectrum. ApJ. 1984;279:177-183. 
[15]Voges W., Pietsch W., Reppin C. et al. Cyclotron lines in the hard X-ray spectrum of Hercules X-1. ApJ. 
1982;263:803-813. 
[16]http://astro-h.isas.jaxa.jp 
[17]Zheleznyakov V.V. Radiation in the astrophysical plasma. Moscow: Yanus-K. 1997. (in Russian) 
 
 
